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Conservative logic provides a vision for computing with no energy dissipation1, in 
which information carriers are conserved as they flow through a logic circuit2. Logic 
functions are executed through dissipation-free elastic interactions among these 
information carriers that conserve momentum and energy. However, the large dimensions 
of information carriers in previous realizations3,4 of conservative logic detract from the 
system efficiency, and a nanoscale conservative logic system remains elusive. Here we 
propose a non-volatile conservative logic system in which the information carriers are 
magnetic skyrmions5–7, topologically-stable magnetic whirls8. These quasiparticles interact 
with one another as they propagate through ferromagnetic nanowires9 via the spin-Hall10 
and skyrmion-Hall11–13 effects to enable AND/OR and INV/COPY logic functions. These 
logic gates can be directly cascaded in large-scale systems that perform complex logic 
functions, with signal integrity provided by clocked synchronization structures. The 
feasibility of the proposed system is demonstrated through micromagnetic simulations14 of 
various logic gates including a cascaded one-bit full adder, and fabrication guidelines are 
enumerated. As skyrmions can be transported in a pipelined and non-volatile manner at 
room temperature15–17 without the motion of any physical particles, this conservative 
skyrmion logic paradigm has the potential to deliver scalable high-speed low-power 
computing. 
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Magnetic skyrmions are topologically stable regions of magnetisation comprising a 
central core oriented anti-parallel to the bulk of a magnetic structure5–7. These quasiparticles are 
intriguing information carriers for conservative logic due to their small diameter18,19 (~20 nm) 
and the small current required to induce skyrmion motion20. Skyrmion motion involves the 
propagation of magnetisation rather than the transport of physical particles, and can be induced 
by the spin-Hall effect through the application of an electrical current10. These skyrmion 
quasiparticles move not along the axis of an electrical current, but rather deviate from this axis 
due to the skyrmion-Hall effect, which is equivalent to the Magnus effect12,13. The skyrmion-Hall 
effect is generally deleterious to device functionality, so a track structure as shown in Fig. 1 is 
often used to suppress the skyrmion-Hall effect and restrict the motion to a single dimension21. 
Magnetic skyrmions propagating along nanowire tracks have been proposed for memory storage 
and individual logic gates22–27, but the development of a scalable skyrmion computing system 
has been impeded by the need to directly cascade skyrmion logic gates without control and 
amplification circuitry that significantly reduces the computing system efficiency. Furthermore, 
previous skyrmion logic proposals require the continual creation and annihilation of skyrmions, 
which is an energetically expensive process that requires an external control system. 
We therefore propose a conservative skyrmion logic system in which skyrmions are 
conserved as they flow through nanowire tracks. Logical operations are performed by thoroughly 
leveraging the rich physics of magnetic skyrmions: the spin-Hall effect10, the skyrmion-Hall 
effect11–13, skyrmion-skyrmion repulsion28, repulsion between skyrmions and the track 
boundaries28, and electrical current-control of notch depinning20. Binary information is encoded 
by the presence (‘1’) or absence (‘0’) of magnetic skyrmions, with the skyrmions flowing 
directly from the output nanowire track of one conservative logic gate to the input track of 
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another conservative logic gate without an external control or amplification circuit. Conservative 
skyrmion logic gates can provide fan-out and be integrated into a large-scale system, with signal 
integrity provided by simple electronic clock pulses applied to the entirety of the system. This 
computing system is non-volatile due to the ferromagnetic nature of skyrmions, providing 
efficient pipelining that enhances the potential for high speed and low power. 
The conservative AND/OR logic function described in Table 1 is the primary workhorse 
of the proposed skyrmion computing system. As this function is conservative, the total number 
of skyrmions N provided to the inputs A and B is always equal to the total number of skyrmions 
emitted by the AND and OR outputs. This conservative logic function is performed by the 
structure shown in Fig. 2, with micromagnetic simulations (see Methods) depicting the skyrmion 
trajectories for each input combination. The spin-Hall effect pushes the skyrmions in the +y-
direction through the vertical tracks of Fig. 1, while the skyrmion-Hall effect introduces a –x-
directed force that is mediated by repulsion from the track boundaries. The skyrmions of Fig. 2 
are therefore free to move laterally within the central junction, where the skyrmion-Hall effect 
causes leftward skyrmion propagation unless repulsed by a second skyrmion. 
Whenever a skyrmion enters one of the input ports of the AND/OR gate, this logic gate 
geometry forces a skyrmion to propagate to the OR output port to represent binary ‘1’. If two 
skyrmions are input to this logic gate, one skyrmion is emitted by the OR output port and the 
other skyrmion is emitted by the AND output port such that both produce binary ‘1’. Finally, if 
no skyrmions enter either input port, then no skyrmions are emitted by either output port, 
representing binary ‘0’ outputs. The combined forces resulting from the spin-Hall effect, the 
skyrmion-Hall effect, skyrmion-skyrmion repulsion, and repulsion between the skyrmions and 
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the boundaries thus cause this structure to simultaneously calculate the logical functions A ∨ B 
and A ∧ B while conserving the skyrmions. 
The inclusion of an inversion operation enables the generation of all possible Boolean 
logic functions, which cannot be achieved by the AND and OR operations alone. The proposed 
INV/COPY gate shown in Fig. 3 functions similarly to the AND/OR gate shown above, here 
with an additional output port and the requirement that a skyrmion always be provided to the 
control (CTRL) input. This conservative INV/COPY gate simultaneously duplicates and inverts 
the skyrmion input signal. As shown in Table 2, the NOT output is therefore ‘1’ whenever the IN 
input is ‘0’, and ‘0’ whenever the IN input is ‘1’. This conservative logic gate also performs the 
fan-out function, through which skyrmions are conserved such that the IN signal is duplicated to 
the two COPY outputs. This signal duplication is an essential component of a large-scale 
computing system, and can be performed repeatedly by cascaded INV/COPY gates to generate 
numerous copies of a signal. 
While these two basis logic gates (AND/OR and INV/COPY) are interesting in their own 
right, a mechanism for cascading logic gates is necessary for practical computing applications. In 
the proposed conservative logic system, the output skyrmions emitted by one logic gate are used 
as input skyrmions for another gate. As the logic gate functionality is based on skyrmion 
interactions at the central junctions, a synchronization mechanism must also be provided to 
ensure that skyrmions arriving from different input paths reach the central junction 
simultaneously. 
This synchronization is achieved with the notch structure20 of Fig. 4a by applying a large 
spin-Hall current pulse that enables the skyrmions to traverse the notch only when this large 
pulse is applied. This large current pulse causes a decrease in skyrmion diameter, while also 
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increasing the skyrmion velocity. As depicted in Fig. 4b, a small spin-Hall current is 
continuously applied to the entire system to propagate the skyrmions through the tracks and logic 
gate junctions; this current magnitude is below the threshold required for skyrmions to traverse 
the notches. At regular intervals, a large spin-Hall current pulse is provided to the entire system 
to drive the skyrmions past the notches; this regular pulse represents the global system clock that 
synchronizes the computing system. These notch synchronizers can be placed following the 
output of a logic gate, with the IN port of the notch synchronizer connected to an output port of a 
logic gate; the OUT port of the notch synchronizer is connected to an input port of a cascaded 
logic gate. Notches are inserted between every logic gate input and output where synchronization 
is required, with each notch synchronizer handling zero or one skyrmion during each clock cycle. 
Integrating the basis logic gates with the cascading and synchronization mechanisms 
enables the scaling of this conservative logic structure to large systems that efficiently perform 
complex functions. An example is provided in Fig. 5, where the input A, B, and carry-in 
skyrmion signals interact as they propagate through the circuit to produce the sum and carry-out 
skyrmion signals, thus executing the one-bit full addition. A 150 ps-wide clock pulse is provided 
every 5 ns to synchronize the skyrmions, ensuring proper conservative logic interactions within 
each component logic gate. The sum output is produced within three clock cycles, while the 
carry-out output is produced within two clock cycles. These clocked skyrmion signals provide a 
natural means for pipelining, enabling the execution of n-bit full addition within n+2 clock 
cycles. Furthermore, though the 200 MHz clock frequency and the electrical current magnitudes 
used in simulation provide inferior efficiency as compared to conventional computing systems, 
the non-volatility and pipelining inspire a vision for highly-efficient computing with alternative 
materials29 and improvements in the Rashba coefficient and spin-Hall angle30. 
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The skyrmion logic system proposed here is experimentally feasible with industrially 
relevant magnetic multilayers of the required material systems at lithographically-accessible 
length scales. Furthermore, room temperature field-free operation is achievable, as nanoscale 
chiral skyrmions were recently stabilised at room temperature with zero magnetic field15–17. 
Similar to the material parameters used in the above micromagnetic simulations, a Co-based 
multilayer (Ir/Pt/Co) stack, grown by sputtering, has been proposed that should enable room 
temperature sub-100 nm skyrmions stabilised by a large additive Dzyaloshinskii–Moriya 
interaction15 (DMI). By further tuning material parameters such as the perpendicular anisotropy, 
the thickness of the magnetic layers or the DMI, even smaller skyrmion dimensions can be 
achieved20. Full-field X-ray magnetic imaging techniques can be used to demonstrate the device 
functionality and logic operations, including full-field magnetic transmission soft X-ray 
microscopy (MTXM) or photoemission electron microscopy (PEEM), which is a full-field 
surface sensitive X-ray imaging technique. X-ray imaging is magnetisation-sensitive and non-
disruptive to the sample. For the proposed system in particular, imaging of the magnetic states of 
the devices must utilise the X-ray magnetic circular dichroism (XMCD) effect and tune the 
incoming photon energy to the Co L3 edge (~779 eV). 
 The proposed skyrmion structure enables the realization of a nanoscale conservative logic 
system with nearly-ideal characteristics. Small spin-Hall currents are supplied and the energy 
required for motion approaches the conservative logic ideal of frictionless information 
propagation. Rather than avoiding the skyrmion-Hall effect, the proposed system leverages the 
rich physics of magnetic skyrmions to provide cascaded logic operations that are pipelined and 
synchronized to maintain signal integrity when scaled to large systems. Furthermore, the stability 
of the ferromagnetic materials provides non-volatility that can be exploited in non-von Neumann 
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architectures that overcome the limitations of conventional computing systems. By performing 
conservative logic with magnetic skyrmions, the proposed system enables a computing paradigm 
that approaches the ultimate thermodynamic limits of information processing efficiency. 
 
Methods 
Micromagnetic Simulation Technique 
The Landau-Lifshitz-Gilbert (LLG) equation of motion describes magnetisation 
dynamics in ferromagnetic materials: 
                                                   = − ×  +

   ×  

   +                                                   1 
where  is the magnetisation vector,  is the gyromagnetic ratio,  is the saturated 
magnetisation and  is the Gilbert damping parameter.  is the effective field which includes 
exchange, anisotropy, magnetostatic, Dzyaloshinskii-Moriya and external magnetic fields.  
implements the injection of spin-Hall current perpendicularly to the sample and is described by:   
                                              = − ×   −  ! ×   × "                                                     2 
with  as the spin-Hall polarization direction and  = $%&ℏ()*+,-./,12345, where 678 is the spin-Hall 
angle, e is the electronic charge, 9 is the electrical current density, and :,;<=>? is the thickness of 
the Co track.  is the field-like torque, which is here considered to be zero. 
Simulations were performed using mumax3, an open-source GPU-accelerated 
micromagnetic simulation software14, which integrates the LLG equation of motion with a Finite 
Difference approach. We discretized the sample into cuboid cells whose dimensions were set to 
1 nm × 1 nm × 0.4 nm and we neglected thermal fluctuations by setting the temperature to 0 K. 
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Magnetic Parameter Selection 
The following numerical values – adopted from Purnama et al.21 – model a multilayer of 
Pt and Co: saturation magnetisation  = 5.80 × 10H  A mI , exchange stiffness JK = 1,5 ×
10LMM  J mI , Gilbert damping coefficient  = 0.1, DMI constant OPQR = 3.0 × 10LT  J m)I , 
magneto-crystalline anisotropy constants UVM = 6 × 10H  J mTI  and UV) = 1.5 × 10H  
J
mTI , and 
spin polarization in the transverse direction X = 1,0,0. The anisotropy direction points 
upwards. The spin-Hall angle 678 is considered to be equal to 1. The thickness of the Pt layer is 
; = 0.4 nm and the thickness of the Co layer varies between :,;<=>? = 0.4 nm (Fig.1) and 
:,=YZ[ = 0.8 nm elsewhere. 
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Figure 1 | Skyrmion track structure. Skyrmions propagate along a track comprised of Pt heavy 
metal (blue) and Co ferromagnet (gray, with polarization P), where an interfacial spin-orbit 
coupling induces a Dzyaloshinskii–Moriya interaction. This spin-orbit coupling also causes the 
externally-applied electrical current (J) flowing through the heavy metal in the +y-direction to 
create a spin current (JS) polarized in the +z-direction via the spin-Hall effect. The skyrmion 
(multicolor circle) lies in the ferromagnetic layer at the interface with the heavy metal, and the 
surrounding ferromagnet walls prevent the skyrmion from leaving the track. Spin current in the 
+z-direction produces a force FSH on the skyrmions in the +y-direction, the direction of the 
electrical current. The track constriction prevents the –x-directed skyrmion-Hall force FSkH from 
influencing the skyrmion trajectory. Note that the axes are inverted for visual clarity; the Pt 
heavy metal is below the Co ferromagnet. 
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Figure 2 | Micromagnetic simulation of conservative AND/OR logic gate with input 
combinations (a) A = 0, B = 1; (b) A= 1, B = 0; and (c) A = B = 1. The spin current JS resulting 
from constant electrical current 9 = 5 × 10M\ A m)I  pushes the skyrmions in the +y-direction, 
with a skyrmion-Hall force directed in the –x-direction. Therefore, when confined laterally by 
their tracks, the input skyrmions travel directly in the +y-direction until they reach the central 
junction. In the lateral opening of the constrictive tracks at the central junction, the skyrmion-
Hall force induces a –x-directed component to the skyrmion trajectory. When only a single 
skyrmion is present in this logic structure, a skyrmion from input port B in the right track (a) 
moves in the –x-direction through the junction into the left track, while the skyrmion from input 
port A stays in the left track (b); the skyrmion eventually reaches the OR output port. When 
skyrmions are present in both the left and right tracks (c), the skyrmion-skyrmion repulsion 
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prevents the skyrmion in the right track from switching to the left track. No simulation result is 
shown for the input combination A = B = 0, as no skyrmions are present and no dynamics are 
visible. In this and other figures, the path of each skyrmion is shown as a grayscale line that is 
black at  = 0 and gradually lightens as the simulation advances, with skyrmion snapshots 
provided at the times noted in the figure. 
 
 
Figure 3 | Micromagnetic simulation of conservative INV/COPY logic gate. a, When IN = 1, 
skyrmions are provided to both the IN and CTRL inputs. When the two skyrmions reach the 
central junction, skyrmion-skyrmion repulsion pushes them toward the outer tracks, providing a 
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‘1’ skyrmion signal to both COPY output ports. The ‘1’ input signal has thus been duplicated, 
while also providing the inverted ‘0’ output signal to the INV output port. b, When IN = 0, the 
CTRL input skyrmion travels in the +y-direction until reaching the central junction. At the 
central junction, the skyrmion-Hall effect adds a –x-directed component to the skyrmion 
trajectory that is sufficient to shift the skyrmion to the central track but not strong enough to shift 
it to the left track. The skyrmion therefore provides a ‘1’ signal to the NOT output port, 
performing the inversion function while simultaneously duplicating the ‘0’ input signal to the 
two COPY output ports. Like the AND/OR simulations, the INV/COPY results from a constant 
electrical current 9 = 5  10M\ A m)I . 
 
 
Figure 4 | Signal synchronization. a, A 7 nm-wide notch is formed in the 20 nm-wide nanowire 
track to create a constriction that permits skyrmion passage only when a large current is applied. 
b, The electrical current applied to the entirety of the computing system maintains a constant low 
magnitude of 9 	 5  10M\ A m)I  that is periodically amplified to 9 	 2  10
MM A
m)I  for 150 ps 
in order to enable skyrmions to traverse notches throughout the system. The skyrmion traverses 
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the notch when this large clock pulse is applied at t = 1 ns. The inset illustrates the ability of 
electrical current to shrink the skyrmion radius, thus enabling traversal of the notch. 
 
 
Figure 5 | Micromagnetic simulation of conservative one-bit full adder. a, Synchronization 
among cascaded logic gates is provided by large 150 ps-wide electrical pulses applied to the 
entire structure with a clock period of 5 ns. b, A one-bit full adder computes the binary sum and 
carry-out of two one-bit binary numbers A and B and a carry-in bit, and is shown here composed 
of two half adders. Skyrmions are provided to each of the duplicate input ports A, B, and CIN for 
the input combination A = B = CIN = 1, and are input to four structures similar to the INV/COPY 
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gate of Fig. 3. Operated without the assuring that CTRL = 0, these INV/COPY gates perform 
two instances of the AND function, with varying inversion of the input signals. These AND 
outputs are merged with three Y-junctions that provide a ‘1’ output whenever a skyrmion is 
provided to one input; these Y-junctions are carefully inserted into the full adder circuit to 
preclude the possibility of two skyrmions being provided within the same clock cycle. Seven 
notches are inserted within the tracks to ensure that the skyrmions are synchronized with one 
another as they enter each logic gate, thereby providing proper skyrmion-skyrmion repulsion and 
logical functionality. After two (three) clock cycles, the skyrmion signals reach the COUT (SUM) 
outputs. Other skyrmions propagate to terminals not required for the full adder computation, but 
can be conserved for use in other functions. 
 
Table 1 | Conservative AND/OR gate truth table 
Inputs N Outputs A B AND OR
 
0 0 0 0 0 
0 1 1 0 1 
1 0 1 0 1 
1 1 2 1 1 
 
Table 2 | Conservative INV/COPY gate truth table 
Inputs N Outputs CTRL IN COPY1 NOT COPY2
 
1 0 1 0 1 0 
1 1 2 1 0 1 
 
